and neuronal markers (Matthews and Feldman, 1996; Singleton et al., 1996) and have negligible L channel currents (see below; Reeve et al., 1994: Hirota and Lambert, 1997). We find that SH-SY5Y cells endogenously express PI 3 kinase and akt, the known elements of the IGF-1/L channel signaling pathway (Blair and Marshall, 1997; Blair et al., 1999a) , as well as c-Src, and that the c-Myc-tagged ␣1C forms functional channels with normal L current characteristics (see Figure 7) . We also find that heterologously expressed ␣1C increases in phosphotyrosine in response to acute IGF-1 stimulation (Figure 1B, right panel) . The ability to immunoprecipitate specifically the c-Myc-tagged ␣1C was confirmed using vector-transfected cells ( Figure 1C ).
IGF-1 Rapidly Modulates Granule Neurons' L Channels via a Src Family Kinase
Our previous studies demonstrated that IGF-1 strongly potentiates neuronal L and N channel activities at specific membrane voltages, increasing N currents at depolarized potentials and L currents at hyperpolarized potentials (Blair and Marshall, 1997) . Given that the muscle L channel is acutely regulated by Src (Wijetunge and Hughes, 1996) and our finding that neuronal ␣1C is tyrosine phosphorylated, the potential role of a Src tyrosine kinase in rapid, IGF-1-modulation was evaluated.
We first employed a "dominant-negative"approach (Blair and Marshall, 1997 quences that might accompany longer-term overexchannel potentiation occurred ( Figure 2D ; n ϭ 5 of 5 cells). In addition, to ensure that any response would pression studies. Untransfected neurons were pretreated for 20 min with 10 M PP2 or its inactive analog, be detected, L currents were assessed for up to 10 min after IGF-1 addition, and, in some cases, the IGF-1 PP3, and IGF-1 potentiation was assessed as above. In no case was IGF-1 able to potentiate L currents in the concentration was elevated to 100 ng/ml. Importantly, L channel potentiation took place normally in the prespresence of PP2 ( Figure 2D ; n ϭ 7 of 7 cells), even though in all cases in which N currents were present, N ence of the inactive analog, PP3 (n ϭ 5 of 5 cells). these results indicate that the kinase(s) responsible for regions, the fusion proteins were exposed to wholephosphorylating these regions must also associate with cell extracts made from either unstimulated or IGF-1-stimulated SH-SY5Y cells. Fusion proteins were then the channel. To determine whether phosphorylation of Y2122 reguphosphorylates the CT3 region of the channel but not lates IGF-1/L channel potentiation, full-length neuronal CT2 ( Figure 5A ). Increasing the dosage of Src enzyme ␣1C was coexpressed with the L channel auxiliary subincreased CT3 phosphorylation accordingly ( Figure 5B , units ␣2␦ and ␤1b in SH-SY5Y cells. Importantly, allanes 1-5). As a control, heat-inactivated Src was used though these cells express significant N current, endog-( Figure 5B, lane 6) ; it showed no activity toward CT3 nor enous L currents are barely detectable, with peak levels the Src autophosphorylation seen in the other lanes.
of Ͻ10 pA (7 Ϯ 1 pA, n ϭ 15 untransfected cells). We When the CT3 fusion protein was omitted from the also find that the transfected L channels express well, assay, only Src autophosphorylation is seen ( Figure 5B family kinases could prevent modulation of wild-type neuronal ␣1C. As with the cerebellar neurons, acute There are two tyrosine residues within the CT3 sequence, Y2122 and Y2139 ( Figure 4A ). To determine pretreatment with 10 M PP2 prevented IGF-1 potentiation of wild-type neuronal ␣1C L channels in all cases which one the Src enzyme phosphorylates, both were mutated by site-directed mutagenesis. The most conserv- (Figures 7E and 7H ; n ϭ 10 of 10 cells), while pretreatment with the inactive analog, PP3 (10 M), had no effect ative substitution, phenylalanine, which differs structurally only in substituting a hydrogen for a hydroxyl, was cho- (Figures 7F and 7H ; n ϭ 8 of 8 cells). To determine the biophysical mechanism of modulasen to minimize allosteric effects.
CT3-GST fusion proteins with the following mutations tion, the rates of L channel activation and deactivation were estimated. Wild-type neuronal ␣1C, Y2122F/neuwere purified and dialyzed into Src kinase buffer: Y2122F, Y2139F, and Y2122F/Y2139F. As shown in Figronal ␣1C , and cardiac ␣1C L currents were analyzed. We find that the chief kinetic effect of IGF-1 on wildure 6A, we find that Src phosphorylates wild-type CT3-GST and (Y2139F)CT3-GST but does not phosphorylate type neuronal ␣1C currents is an increased rate of activation at hyperpolarized potentials. At Ϫ40 and Ϫ30 mV, (Y2122F)CT3-GST above background, indicating that Y2122 is the unique phosphorylation site. Figures 7C and 7D , where no Y2122F/ neuronal ␣1C and cardiac ␣1C potentiation occurred, possible explanation is that v-Src-driven increases in calcium influx may stimulate de novo L channel synthethe tail currents increased due to IGF-1 potentiation of endogenous N channels. Our results suggest that sis (Murphy et al., 1991; Wang et al., 1999) . Another, which does not exclude the first, is that the increased a primary effect of IGF-1-modulation is an increased probability of L channel opening at hyperpolarized memkinase activity associated with v-Src drives potentiation toward the maximum. The direct tyrosyl phosphorylation brane potentials.
currents, were detected (Figures 7A and 7F). It should than the IGF-1 potentiation observed in c-Src-transfected neurons immediately after IGF-1 addition. One be noted that in
We also find that, prior to IGF-1 addition, the rise times of ␣1C and association of Src with the ␣1C C terminus favor this hypothesis, as do our results demonstrating of both Y2122F/neuronal ␣1C (n ϭ 4 cells) and cardiac ␣1C L channels (n ϭ 3 cells) are identical to those of that when overexpressing rate-limiting intermediates, the IGF-1 potentiation increases ( larized potentials a substantial increase that is greater cDNAs encoding rat brain ␣1C, ␣2␦, and ␤1b subunits were in CMV-(Ϫ80 mV), revealing tail currents, which were fit with the sum of two exponentials. Because L channels show slow and little inactivation based vertebrate expression vectors. ␣1C cDNA was amplified by PCR and subcloned into pCS2MT (SV40 promoter), placing the during a test pulse and because we employed short test pulses, it was not possible to determine if time-dependent reductions in c-Myc tag in-frame at the C terminus. All clones were confirmed by DNA sequencing.
currents took place during a pulse. Fits were confirmed by eye; currents that were not well fit or were too noisy to obtain a unique Granule neurons were transfected by calcium-phosphate ( Immunocomplex Kinase Assay inhibitors: 50 mM NaF, 0.5 mM sodium orthovanadate, 100 nM oka-IGF-1-stimulated SH-SY5Y cells were lysed in PBS, 0.1% SDS, 0.5% daic acid, 100 nM calyculin A, 0.5 mM phenylmethylsulfonyl fluoride, Na-deoxycholate, and 1% NP-40 plus protease inhibitors, as above, 1 g/ml pepstatin A, 10 g/ml aprotinin, 10 g/ml leupeptin, 100 and whole-cell extracts were prepared by solubilizing at 4ЊC for 1 g/ml benzamidine, and 8 g/ml calpain inhibitor I and II.
hr; insoluble material was pelleted (10,000 rpm, 10 min). Endogenous Endogenous ␣1C subunits were immunoprecipitated overnight at Reactions were for 25 min at 30ЊC and were stopped by adding 2ϫ Laemmli sample buffer and sonicated briefly on ice. Proteins were sample buffer. Samples were boiled and peptide substrate resolved separated on 5% SDS-PAGE gels with a 3.5% stacking gel and on 20% SDS-PAGE gels. 32 P incorporation was visualized by autoratransferred for Western blotting. diography. Membranes were blocked for 1 hr in Tris-buffered saline (TBS)/ 5% milk, except for phosphotyrosine blots, which were blocked in TBS/1% milk/1% bovine serum albumin/0.01% Tween-20, then Construction and Purification of GST Fusion Proteins exposed to primary antibody (c-Myc 9E10 mAb, Oncogene Research Primers were designed to amplify the following intracellular regions Products; anti-phosphotyrosine 4G10 mAb, UBI). Membranes were of ␣1C: I-II linker, II-III linker, CT1, CT2, and CT3. GST fusion proteins washed with TBS/0.1% Tween-20 and exposed to secondary antiwere constructed by subcloning PCR products into the SalI-NotI body (anti-mouse IgG-HRP, Transduction Laboratories). Bands restriction sites of pGEX-4T-1 (Pharmacia Biotech). All constructs were visualized by enhanced chemiluminescence (Amersham Pharwere confirmed by DNA sequencing. macia). pGEX constructs were transformed into BL21 bacteria (Novagen). Cultures (500 ml) were grown in LB/ampicillin induced with 1 mM IPTG (4 hr, 37ЊC) and pelleted. Pellets were resuspended in 30 ml Electrophysiology PBS/1% Triton X-100 and lysed on ice by French press (1260 psi). Either standard whole-cell patch recordings or the permeabilized Insoluble material was pelleted (12,000 rpm, 30 min), and soluble patch variation of the standard whole-cell technique (Hamill et al., fusion proteins were captured using glutathione 4B sepharose 1981; Rae et al., 1991) was employed with indistinguishable results. beads (Amersham Pharmacia). Beads were washed four times in Calcium currents were recorded as previously described (Blair and ice-cold PBS/1% Triton X-100, and fusion proteins were eluted with Marshall, 1997; Blair et al., 1999a). For all cells, the pulse protocol 50 mM Tris and 5 mM reduced glutathione (pH 8.0). Depending on was run a minimum of two to four times prior to IGF-1 addition to the application, fusion proteins were dialyzed into PBS or kinase ensure that currents were stable. IGF-1, diluted into extracellular buffer. recording saline, was superfused over the cells. For granule neurons, currents were recorded for 10-500 s after IGF-1 superfusion. With ␣1C channels heterologously expressed in SH-SY5Y cells, peak 32 P Incorporation Assay Sister cultures of SH-SY5Y cells were stimulated with IGF-1 (50 ng/ currents were often ‫2ف‬ nA, and rundown was a concern. Therefore, the pulse series was run less frequently (every 45 s), pulse duration ml, 3 min) or vehicle (DMEM alone). Cells were extracted as above. Insoluble material was pelleted (10,000 rpm, 10 min). Extracts (2 was minimized (30-50 ms), and, in some cases, the number of pulses in a series was reduced; all cells showing Ͼ10% rundown prior to mg) were exposed to 10 g purified ␣1C fusion proteins (2 hr, 4ЊC). Glutathione 4B sepharose beads were added, rotated for 1 hr, pel-IGF-1 addition were eliminated. Curve fitting was done using HEKA software (Instrutech) allowed to run to 1,000 iterations; the rising leted, washed twice at 4ЊC with 500 mM NaCl, 10 mM NaHEPES (pH 7.4), 0.4% NP-40, 5 mM EGTA, and 5 mM EDTA and twice with phase was fit with a single exponential. At the end of each test pulse, the membrane potential was returned to the holding potential 150 mM NaCl, 10 mM NaHEPES (pH 7. 
